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Electronic mechanisms of photochemical reactions have been determined in many cases by the techniques of triplet excitation transfer to (sensitization) or from (quenching) the substrate.' In this note preliminary results of the triplet sensitization of DNA are presented.
The excited states of DNA at low temperature have been studied by luminescence spectroscopy and electron spin resonance spectroscopy (ESR).2 It has been shown that the origin of the phosphorescence from DNA is the thymine triplet state, 2' 3 and that the DNA fluorescence originates from excimers4 which very probably involve thymine as one partner. Furthermore, it has been shown that all the other low-lying excited states are quenched, by energy transfer or other processes, at very fast rates, possibly precluding photochemistry.3 This finding that the excitation in DNA is quickly localized on the thymine is very satisfying when the photochemistry is considered. The major photochemical event in DNA seems to be the production of thymine dimers (PT).5 The other three photolesions so far documented also involve thymine: the thymine-cytosine cross dimer (isolated as the thymine-uracil dimer (Uft)),6 5,6-dihydrothymine (diHT) reported in the preceding note,' and an unspecified product.8
Pyrimidine dimers were first found in irradiated samples of the monomers9 and then sought and subsequently found in irradiated DNA.5 Dihydrothymine is also produced from irradiated thymine monomers under certain conditions.7 However, mechanistic information obtained for the monomers cannot be applied to DNA with certainty for a number of reasons. For example, it has been demonstrated that neither the excited singlet nor the excited triplet states of DNA are those to be expected from noninteracting nucleotides.3' 4In addition, there is the troublesome possibility, discussed by Eisinger and Shulman,'0 that photodimerization of thymine, for example, might follow different paths depending on the reaction conditions.
We have, therefore, decided to make mechanistic studies on DNA itself, and to study simpler systems only when necessary. We report here some interesting results obtained in preliminary sensitization experiments on DNA in water solution at room temperature employing acetophenone as a sensitizer which only allows the thymine triplet to be populated.
Experimental.-Samples for irradiation contained about 10 OD units of E. coli 15 T-DNA labeled with thymine-2-C14 (specific activity about 10,000 cpm/OD unit) in 3 cc of water with or without 2 X 10-2 M acetophenone. The samples, contained in 13-mmn OD Pyrex cells, were degassed by the freeze-pump-thaw method and sealed in vacuo.
Irradiations were carried out in an apparatus previously described.1' A 450-watt Hanovia medium-pressure mercury lamp was employed in conjunction with Pyrex filters which transmit wavelengths greater than 305 nm. The acetophenone absorbs out to about 350 nm. The rate of energy absorption by the acetophenone in the sensitization experiments was about 2 X 106 erg/minute. The temperature of the samples during irradiation was near 30'C.
The irradiated samples were analyzed by the method described in an accompanying paper by Yamane, Wyluda, and Shulman.7 In brief, hydrolyzed samples were chromatographed on a Dowex column employing as the eluent a pH gradient of ammonium formate.
Results.- Figure 1 shows the radiochromatogram of a hydrolyzed sample of thymine-C14-labeled E. coli 15 T-DNA irradiated (45 min) in degassed water solution in the presence of acetophenone at wavelengths such that virtually all the exciting light was absorbed by the acetophenone. Cytosine and thymine markers detected by optical absorption are also shown. The peak coming just after cytosine (about fraction 25) contains the thymine dimer (TT); it contains 3.5 per cent of the radioactivity. No other thymine-derived product was detected. Dihydrothymine (diHT) would appear just before cytosine in this chromatographic system. Figure 2 shows the results for an identical sensitization experiment except that the dose was increased by about an order of magnitude (390-min irradiation).
Here, 37 per cent of the thymine was converted to dimers and still no other product was detected. Conspicuously, no diHT was observed. As a control, a sample containing no acetophenone was irradiated in an identical manner. It showed only a small amount of dimer (Fig. 2) , indicating that the light filtering is good, but not perfect. Of course, the amount of this direct photolysis should be further reduced by a large factor in the presence of the acetophenone simply because the latter would be absorbing virtually all of the light. excited singlet state of acetophenone to DNA is energetically unfavorable. Furthermore, the short lifetime of the acetophenone singlet state (t10-11 sec) due to intersystem crossing would preclude efficient transfer in solution even if energetically allowed. The triplet state of acetophenone in water lies lower than those of adenosine 5'-phosphate (AMP), guanosine 5'-phosphate (CMP), and cytidine 5'-phosphate (CMP) but higher than that of thymidine 5'-phosphate (TMP). 3 Lamola et al.3 have demonstrated triplet excitation transfer from acetophenone to TMP in ethylene glycol-water mixtures at 770K. Consistent with the energy level data, no such transfer to AMP, CMP, or GMP could be observed. Lamola'2 has also been able to sensitize the dimerizaton of thymine in dilute water solution at room temperature. Thus, it seemed possible to specifically populate the thymine triplet in DNA by energy transfer from the triplet state of acetophenone.
Attempts to demonstrate this in ESR experiments at 770K failed to give conclusive results. Hence, if such transfer does occur, its efficiency is low. Since triplet excitation transfer requires a collision between the donor and acceptor, this low efficiency might be blamed on steric hindrance by the sugar-phosphate backbone of the DNA.
The results presented here clearly demonstrate that the photodimerization of thymine in DNA can be sensitized by acetophenone. We propose that this sensitization is achieved by energy transfer from triplet acetophenone to the thymines in the DNA. Flash photolysis studies on the acetophenone-DNA system are being undertaken in an attempt to prove this point.
Despite the low efficiency of the sensitized photodimerization probably due to inefficiency in the energy transfer step, it seems to be relatively clean, at least on the basis of chromatography on Dowex. No dihydrothymine could be detected nor any other thymine-containing product. A search for other products employing paper chromatography is underway. Specifically, Wang's new thymine product8 and the thymine-cytosine cross dimer will be sought.
Should the acetophenone-sensitized dimerization of thymine in DNA prove to be as clean as these first studies indicate, one would be able to prepare DNA's with just this lesion. Genetic studies as well as experiments on photoreactivation and dark repair could then be performed with these DNA's free of other kinds of damage. ' Another noteworthy feature of the sensitized photodimerization is that it can be performed at wavelengths where the reverse reaction does not occur. That is, one should be able to drive into dimer form every thymine which has a thymine (or cytosine?) intrastrand neighbor. Notice that in the high dose experiment reported here 37 per cent of the thymines in the E. coli DNA were dimerized. This agrees surprisingly well with the value of 38 per cent calculated on the assumption that thymines are randomly arranged and all possible thymine-thymine dimerizations occur. This feature should find applications in sequence studies.
Assuming that the action of the acetophenone is to populate the thymine triplet in DNA, any DNA photolysis product not produced in the sensitized photolysis does not have the thymine triplet state as its precursor. On the other hand, the production of dimer in the triplet-sensitized experiments shows only that the thymine triplet state can lead to dimer. It does not demand that the dimer produced when the DNA is directly photolyzed comes from the thymine triplet state. Possible competition between singlet and triplets in this kind of dimerization have been discussed.'0 Suitable quenching experiments should further resolve the question of the precursor of the thymine dimer in DNA.
Summary.-Thymine dimers are produced upon irradiation of water solutions of DNA containing acetophenone when all the exciting light is absorbed by the acetophenone. This sensitization probably proceeds by way of triplet energy transfer from acetophenone specifically to the thymines in the DNA.
Note added in proof: The acetophenone-sensitized dimerization of thymine in water solution has been independently discovered by I. von Wilucki, H. Matthaus, and C. H. Krauch (Photochem.
Photobiol., 6, 497 (1967) 
